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We propose and demonstrate a frequency-multiplexed readout scheme in 3D cQED architecture.
We use four transmon qubits coupled to individual rectangular cavities which are aperture-coupled
to a common rectangular waveguide feedline. A coaxial to waveguide transformer at the other
end of the feedline allows one to launch and collect the multiplexed signal. The reflected readout
signal is amplified by an impedance engineered broadband parametric amplifier with 380 MHz of
bandwidth. This provides us high fidelity single-shot readout of multiple qubits using compact
microwave circuitry, an efficient way for scaling up to more qubits in 3D cQED.
High fidelity quantum measurements are a crucial part
of a scalable quantum computing architecture [1]. Apart
from determining the state of a quantum register, they
are also important for accurate state initialization and
quantum error correction. In superconducting circuit
technology, the combination of circuit-quantum electro-
dynamics (cQED) [2, 3] with ultra-low noise Josephson
Parametric Amplifiers [4, 5] ushered in the era of fast,
high fidelity measurements [6]. This led to the obser-
vation of quantum jumps [7] and quantum feedback [8]
and enabled accurate state initialization [9] and error de-
tection [10–12]. Combined with the nearly six orders of
magnitude improvement in coherence times [6], supercon-
ducting circuits have emerged as one of the leading can-
didates for building scalable quantum computers. While
several proof-of-principle demonstrations of algorithms
exist, a practical quantum advantage has not yet been
demonstrated due to the small number of qubits used
in the quantum processors. Multi-qubit quantum pro-
cessors face challenges like variability in device param-
eters across a chip, efficient use of cryogenic microwave
resources and reduction of gate fidelity due to unwanted
crosstalk. A considerable fraction of recent research ef-
forts is focused to solve these scalability related hurdles.
An important step in developing a scalable quantum
processor is the implementation of resource-efficient mea-
surement of large number of qubits with high-fidelity.
Typical setups require two cryogenic lines to control (in-
put) and measure (output) a single qubit. Further, a
third cryogenic line is often needed to bias the first stage
parametric amplifier in the output chain. Clearly this
is not practical solution beyond a few qubits. One so-
lution is to use frequency multiplexing for the measure-
ment lines since the typical bandwidth of readout cav-
ities is about 5 – 10 MHz. This idea has been success-
fully used in 2D cQED architecture where several readout
resonators coupled to a common feedline are probed us-
ing multi-frequency pulses [13–17]. This approach allows
one to perform selective readout of any subset of qubits
by choosing corresponding frequency components in the
readout pulse. Moreover, the multiple frequency compo-
nents can be generated using one microwave generator
modulated by a high bandwidth arbitrary waveform gen-
erator which further helps in minimizing resources per
qubit. Some architectures have also included Purcell pro-
tection [18] by incorporating appropriate filters in the
common feed-line [16] or by putting individual Purcell
filters for each readout cavities [17]. While experiments
with up to four qubits have been performed in 3D cQED
architecture [19, 20], they have not exploited frequency
multiplexing for measurement so far. Further, the modu-
lar nature of the 3D cQED architecture can help in solv-
ing several scalability related issues to construct a high
quality small-scale processor in the near term.
In this letter, we demonstrate a multiplexed readout
scheme for transmon qubits [21] in 3D cQED architec-
ture [22] using a rectangular waveguide feed-line as both
the multiplexing element [23] and a Purcell filter [24].
Four rectangular readout cavities are aperture-coupled to
a single rectangular waveguide as shown in Fig. 1. The
cavities are composed of two halves so that the qubits
can be placed at the antinode of the field. A coaxial
to waveguide transformer at the other end of the waveg-
uide helps address the four separate cavities from a single
line. We measured the cavities in reflection and used an
impedance-engineered broadband Josephson Parametric
Amplifier (JPA)[25] to achieve simultaneous single-shot
fidelities greater than 98%.
The cavity frequencies are chosen with a spacing of 70
– 100 MHz to fit within the band of the JPA as shown in
Fig. 2. The linewidths (κ/2pi) of the readout cavities are
adjusted by changing the aperture hole sizes. We first use
finite element electromagnetic simulations in COMSOL R©
to set the coupling aperture size. Final adjustment is
done by tuning the aperture size between each cavity and
the waveguide using Aluminum tape to get linewidths in
the range 5 – 10 MHz. For obtaining a clean response,
it is also important to optimize the coax to waveguide
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FIG. 1. (a) The four cavity structure is fabricated using Alu-
minum in three separate pieces. The piece marked 1 is the
rectangular waveguide part with a coaxial port at one end.
Piece 2 comprises one half of the readout cavities along with
the coupling apertures. Piece 3 comprises of the second half
of the readout cavities (C1−4) with weakly coupled ports for
separate qubit excitation if needed (not used here). (b) Fully
assembled structure with each interface sealed with Indium;
(c) Profile of electric field amplitude at the aperture hole be-
tween the waveguide and readout cavities when 10−9 Watt
of excitation is given at the waveguide port. The EM simu-
lation is carried out in COMSOLR© at each cavity’s resonant
frequency
transition by fine tuning the length of the coaxial center
conductor inserted inside the waveguide.
To readout multiple qubits simultaneously we generate
multi-frequency probe pulse(addressing all four cavities)
using sideband modulation technique from a central mi-
crowave tone. This same central tone is also used as
pump to bias the parametric amplifier (see Fig. 2 (a)).
The reflected output signal from the waveguide port is
amplified by a broadband Josephson parametric ampli-
fier with an average gain of 20 dB in the relevant band-
width of 380 MHz around 5.985 GHz and near quantum-
limited noise. After several stages of amplification the
output readout signal is down-converted with respect to
the central tone and then digitized after filtering out un-
wanted frequency components. All cavity signals are fi-
nally demodulated in software to recover the amplitude
and phase response of each individual cavity. For qubit
excitations, we used the same input line as for readout
tone, but one can also use separate weakly coupled ports
to each individual readout cavity.
At 30 mK temperature, all readout cavities were over-
coupled and their frequencies were well-separated from
each other with loaded linewidth (κ/2pi) in the intended
range of 5 – 8 MHz. We first characterized each qubit-
cavity system separately. The relevant device parameters
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FIG. 2. (a) Setup: Readout tones are generated by sideband
modulation technique from one generator which is used for
paramp pump as well. The reflected signal is amplified, de-
modulated and then digitized; (b) Measured gain profile as
a function of signal frequency is shown. 20 dB gain and 380
MHz of bandwidth is achieved at pump frequency 5.984 GHz.
Reflected phase responses of four readout cavities (C1−4) as
measured from the waveguide port are plotted with respect
to the right axis.
were then experimentally determined and are listed in
Table I. The values are typical for 3D transmons in cQED
architecture. These were followed by time domain mea-
surements on all qubits to determine the coherence prop-
erties (Table I). We then used the multiplexing technique
to carry out simultaneous measurements of Rabi oscilla-
tions on all four qubits and the data is shown in Fig. 3.
State-dependent dispersive shifts of all four qubits were
determined using Ramsey fringe experiments in presence
of different numbers of cavity photons [8]. Extracted dis-
persive shifts were in the range 1.19 – 1.76 MHz, in good
agreement with the dispersive shifts calculated from cou-
pling, detuning and anharmonicity.
We then carried out single-shot measurements to de-
termine readout fidelity for all four qubits. Each experi-
mental sequence starts with a measurement pulse to her-
ald the qubit in the ground state [9] and discard the
data points which collapse the qubit to the excited state
(∼ 3% – 5%). With the qubit prepared in the ground
(no pulse on the qubit) or excited state (pi pulse on the
qubit), we excite the cavity with the readout tone and
integrate the reflected signal. This is repeated 3 x 105
times to form histograms of the cavity response for the
ground and excited state respectively. We optimize the
measurement time, power and phase of the readout tone
such that the overlap between the ground and excited
state histograms is minimal to ensure maximum read-
out fidelity. Simultaneously measured histograms for the
ground and excited states for all four qubits gave high
3Cavity Cavity Qubit Anharmoni- Qubit-cavity T1 TRamsey TEcho Individual Simultaneous
frequency linewidth frequency city coupling readout readout
ωc/2pi (GHz) κ/2pi (MHz) ωq/2pi (GHz) α/2pi (MHz) g/2pi (MHz) (µs) (µs) (µs) fidelity (%) fidelity (%)
5.856 8.4 3.752 -318 126 50.1 2.1 3.1 98.36 98.05
5.966 5.2 4.122 -306 112 44.1 1.4 2.7 98.72 98.57
6.052 7.1 4.880 -292 91 18.8 2.7 3.0 98.39 98.07
6.172 5.4 5.278 -297 81 25.6 2.6 2.6 98.74 98.68
TABLE I. Measured device parameters and coherence numbers and readout fidelities of four qubits (Q1, Q2, Q3 and Q4) in
their corresponding readout cavities (C1, C2, C3 and C4 respectively).
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FIG. 3. Simultaneous Rabi oscillations of Q1−4 as a function
of the corresponding control pulse duration. The signal am-
plitude of Q4 is smaller due to a smaller dispersive shift and
reduced JPA gain at 6.172 GHz
measurement fidelities (∼ 98.5%) and are shown in Fig.
4 (a)-(d). As shown in Table I, these fidelities are compa-
rable to those obtained from measuring each qubit-cavity
system separately without multiplexing.
High fidelity single-shot measurement was further con-
firmed by observing quantum jumps in simultaneously
taken readout traces. After preparing all qubits in their
excited states, we turn on the measurement pulses for
four cavities simultaneously and acquire the cavity re-
sponse. As shown in Fig. 4 the traces corresponding to
four qubits show clear jumps from excited to ground state
and with no evidence of crosstalk.
We studied crosstalk effects on one qubit arising from
both qubit and readout drives applied on other qubits.
This was done by performing Ramsey fringe experiment
in presence of the crosstalk drive. The crosstalk due to
other qubit drives was negligible and could be further
suppressed by using the weakly coupled ports in each
cavity. We only found significant crosstalk between cav-
ity 3 and 4 which led to qubit frequency and decay con-
stant of qubit 3(4) to shift by 0.3(0.4) MHz and 4(5) µs
respectively due to readout drive on cavity 4(3). This
crosstalk can be reduced by minor modifications to the
cavity design.
In conclusion, we have demonstrated frequency-
multiplexed readout scheme in 3D cQED architecture us-
ing an impedance-engineered broadband parametric am-
plifier. We simultaneously measure four transmon qubits
in four individual cavities coupled to a single rectangular
waveguide. A common input line for qubit and cavity ex-
citations and more importantly a single amplifier chain is
used resource efficiently without sacrificing measurement
bandwidth or qubit coherence with negligible crosstalk.
Further increase of the number of qubits per measure-
ment line would require careful optimization of cavity
design and improvement of JPA dynamic range.
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